Metabolic flexibility is an important component of adaptation to stressful environments, including thermal stress and latitudinal adaptation. A long history of population genetic studies suggest that selection on core metabolic enzymes may shape life histories by altering metabolic flux. However, the direct relationship between selection on thermal stress hardiness and metabolic flux has not previously been tested. We investigated flexibility of nutrient catabolism during cold stress in Drosophila melanogaster artificially selected for fast or slow recovery from chill coma (i.e. cold-hardy or -susceptible), specifically testing the hypothesis that stress adaptation increases metabolic turnover. Using 13 C-labelled glucose, we first showed that cold-hardy flies more rapidly incorporate ingested carbon into amino acids and newly synthesized glucose, permitting rapid synthesis of proline, a compound shown elsewhere to improve survival of cold stress. Second, using glucose and leucine tracers we showed that cold-hardy flies had higher oxidation rates than coldsusceptible flies before cold exposure, similar oxidation rates during cold exposure, and returned to higher oxidation rates during recovery. Additionally, cold-hardy flies transferred compounds among body pools more rapidly during cold exposure and recovery. Increased metabolic turnover may allow cold-adapted flies to better prepare for, resist and repair/tolerate cold damage. This work illustrates for the first time differences in nutrient fluxes associated with cold adaptation, suggesting that metabolic costs associated with cold hardiness could invoke resource-based trade-offs that shape life histories.
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Metabolic flexibility is an important component of adaptation to stressful environments, including thermal stress and latitudinal adaptation. A long history of population genetic studies suggest that selection on core metabolic enzymes may shape life histories by altering metabolic flux. However, the direct relationship between selection on thermal stress hardiness and metabolic flux has not previously been tested. We investigated flexibility of nutrient catabolism during cold stress in Drosophila melanogaster artificially selected for fast or slow recovery from chill coma (i.e. cold-hardy or -susceptible), specifically testing the hypothesis that stress adaptation increases metabolic turnover. Using 13 C-labelled glucose, we first showed that cold-hardy flies more rapidly incorporate ingested carbon into amino acids and newly synthesized glucose, permitting rapid synthesis of proline, a compound shown elsewhere to improve survival of cold stress. Second, using glucose and leucine tracers we showed that cold-hardy flies had higher oxidation rates than coldsusceptible flies before cold exposure, similar oxidation rates during cold exposure, and returned to higher oxidation rates during recovery. Additionally, cold-hardy flies transferred compounds among body pools more rapidly during cold exposure and recovery. Increased metabolic turnover may allow cold-adapted flies to better prepare for, resist and repair/tolerate cold damage. This work illustrates for the first time differences in nutrient fluxes associated with cold adaptation, suggesting that metabolic costs associated with cold hardiness could invoke resource-based trade-offs that shape life histories.
Background
Temperature fluctuates markedly on daily and seasonal time scales in temperate regions, and for ectotherms these fluctuations can shape organismal performance and fitness [1] , predict distributional limits [2] , and may even exert greater selective pressure than mean temperatures [3] . Temperature fluctuations challenge energetic homeostasis in ectothermic animals, and thermal adaptation probably involves modulation of the thermal sensitivity of metabolic pathways. Demand for ATP regulates rates of substrate catabolism, and, under normal conditions, energy supply is matched to demand [4] . However, environmental fluctuations can upset the balance between energy supply and demand, and persistent energetic perturbations can result in declines in performance or death [5] . Resistance or tolerance to stressful temperatures requires fortification of cellular structures (for example, modification of cellular membrane composition), a coordinated downregulation of metabolic processes during the stressful period to permit the maintenance of homeostasis, and subsequent upregulation of metabolic processes during recovery to repair damage and restore homeostasis. Thus, metabolic flexibility appears to be an important component of stress hardiness and is selected upon during adaptation to stressful environments [6] [7] [8] . Population genetic studies have uncovered abundant genetic variation in core metabolic enzymes that suggests that nutrient fluxes are shaped by natural selection during adaptation to stressful environments to alter allocations among life-history traits [9] , but no studies have directly measured metabolic flux during thermal stress exposure.
When temperatures drop below a critical thermal minimum, insects and other ectotherms enter chill coma, a reversible state of cold-induced paralysis during which they cannot pursue activities that enhance fitness such as feeding, mating or oviposition, and are vulnerable to predation [10, 11] . Chill coma recovery time has a genetic basis and responds to climatic selection, showing latitudinal clines on multiple continents whereby insects from colder regions recover more quickly [10, 11] , and a robust response to artificial selection [12] [13] [14] . Chill coma onset occurs due to failure of the neuromuscular system, and ionic and osmotic homoeostasis are progressively lost during low-temperature exposure [15, 16] . Ionic, osmotic and metabolic disturbances accumulate with increasing intensity and duration of cold exposure time [14, 17] . Recovery from chill coma requires re-establishment of metabolic homoeostasis, recovery of ionic and water balance, and repair of critical cellular components. Increased metabolic flux, with associated increase in the turnover of metabolites, may provide the flexibility to prepare for and recover from cold exposure more rapidly.
Given the importance of nutrient flow through central metabolic pathways including glycolysis and the tricarboxylic acid (TCA) cycle as the source of ATP and production of building blocks for many synthesis reactions, adaptation to thermal stress is expected to modify these pathways. Indeed, numerous studies have suggested that latitudinal clines in allele frequency of enzymes involved in central metabolism are the product of selection imposed by seasonality [7, 18] . Furthermore, numerous transcriptomic, proteomic and metabolomic screens have associated components of central metabolism with either thermal adaptation or thermal acclimation responses [19] . Recent work has shown that metabolic rates are increased in flies that are selected for rapid recovery from chill coma, that these flies have greater ability to suppress their metabolic rates in response to cold exposure, and that they maintain metabolic homoeostasis more effectively during cold exposure [14, 20] . Yet, even though this large body of studies presumes that flux through critical pathways of central metabolism are altered by thermal adaptation, these approaches do not directly test whether metabolic flux is associated with thermal adaptation.
Here we use carbon stable isotope tracers [21, 22] to investigate how evolution can shape substrate oxidation before, during and after cold exposure in cold-hardy and -susceptible lines of Drosophila melanogaster. Our hypothesis is that rapid recovery from cold requires high metabolic turnover, facilitated by faster rates of substrate oxidation and more rapid transfer of carbon skeletons among pools during the course of a cold exposure. We predict cold-hardy flies will have greater metabolic turnover with higher nutrient flux through glycolysis and the TCA cycle.
Material and methods (a) Experimental design
Experiments were performed on 5-8-day-old mated female flies that had been artificially selected for either fast or slow recovery from chill coma (electronic supplementary material, methods) [23] . These lines have genetically fixed differences in chill coma recovery times, with hardy lines recovering after an average of 6.1 and 5.8 min (replicate lines 1 and 2), compared with 12.4 and 23.7 min for susceptible flies [13] . Flies were fed an isotopically labelled tracer (either glucose or leucine), left for a period of time for the tracer to be metabolized and distributed among body pools, then the distribution of the tracer among body pools was measured to infer rates of flux (electronic supplementary material, figure S1 ). Predominant fates of carbon from glucose and leucine tracers are in the electronic supplementary material, figure S2 and described in the electronic supplementary material, methods. We performed three experiments, with the following aims: (i) measure rates of anabolic processes (glucose incorporation into newly synthesized glucose and specific amino acids), (ii) measure glucose catabolism and incorporation into bulk lipid, protein and carbohydrate pools, and (iii) measure leucine catabolism and incorporation into bulk lipid, protein and carbohydrate pools. . Flies were fed isotopically labelled U-13 C 6 -glucose tracer and allowed to metabolize the tracer for 4 h, then were homogenized, and incorporation of the tracer into newly synthesized glucose and amino acids was quantified using GC-MS (electronic supplementary material, methods).
(c) Experiments 2 and 3: catabolism and incorporation into body pools in cold-hardy versus -susceptible fly lines
We examined glucose (experiment 2) and leucine (experiment 3) oxidation and incorporation into body-wide lipid, protein and carbohydrate pools. We administered tracer (U-13 C 6 -glucose or 1-13 C-leucine), and collected samples at the following times (relative to cold exposure):
(1) Before. To measure baseline distributions of labelled tracer in the absence of cold stress and to test whether selection for cold hardiness or susceptibility shaped baseline levels of metabolism, vials were immediately flushed with CO 2 -free air and flies were held at 258C for 3 h to collect CO 2 , then snap frozen and sent for analysis (described below). (2) During. To measure how cold stress affected tracer distribution, vials were placed in ice slurry at 08C for 0.5 h (sufficient to induce chill coma), flushed with CO 2 -free air, held at 08C for 2.5 h, then snap frozen and sent for analysis. All CO 2 was produced while flies were in chill coma, representing glucose and leucine oxidation during cold exposure. (3) After. To measure tracer distributions during recovery, vials were placed in an ice slurry at 08C for 3 h, flushed with CO 2 -free air, placed at 258C for 3 h, then snap frozen and analysed. Conditions during gas collection were identical to the 'before' time point, but flies experienced 3 h of cold exposure between tracer administration and sample collection.
Experiments 2 and 3 differed only in the tracer used: glucose for experiment 2 and leucine for experiment 3 (electronic rspb.royalsocietypublishing.org Proc. R. Soc. B 283: 20161317 supplementary material, figure S1 ). Each experiment represents a new set of biological replicates; n ¼ 6 pools of 20 (before and after) or 40 (during) flies per line per time point). The increased pool size for the 'during' time point was necessary to ensure that gas concentrations were sufficiently high for reliable measurements. Any given group of flies was only fed one type of tracer, but had enrichments measured in breath (CO 2 ), lipid, carbohydrate and protein pools. We also prepared three pools of 20 flies per line of control flies (treated identically except fed water instead of tracer) to function as controls for natural 13 C enrichment. Samples were snap frozen and CO 2 was analysed for tracer enrichments to estimate oxidation rates of each tracer (electronic supplementary material, methods). Flies were then homogenized and chemically separated into lipid, protein and carbohydrate fractions, which were then separately analysed for tracer enrichments using an elemental analyser (electronic supplementary material, methods).
For each experiment, we analysed differences in tracer enrichments between lines using general linear models with fixed effects of cold exposure time point, selection regime and compound/ body fraction where appropriate, the random effect of selection regime nested within replicate selection line, and precursor pool enrichment as a covariate to control for differences in amount of tracer ingested or body size differences (electronic supplementary material, methods). Previous studies have shown conclusively that mass does not differ among these fly lines [14, 20] . We calculated root mean square changes in body tracer enrichments between subsequent time points (electronic supplementary material, methods) to explore the movement of tracer among body pools during cold exposure, and compared the magnitude of changes in enrichments over time between hardy and susceptible flies.
Results
(a) Experiment 1: quantifying anabolism from glucose in cold-hardy versus -susceptible fly lines
There was higher flux of glucose into newly synthesized glucose and amino acids in hardy compared with susceptible flies (F 1,16 ¼ 14.5, p ¼ 0.002; figure 1 ). Enrichments differed among compounds (F 5,80 ¼ 93.8, p , 0.00001), with glutamate containing the greatest carbon from tracer, then alanine, serine and proline, followed by glycine, with low but measureable carbon from tracer in gluconeogenically produced glucose. Thus, cold-hardy flies synthesize amino acids and glucose from glucose tracer at a faster rate than cold-susceptible flies.
(b) Experiments 2 and 3: catabolism and incorporation into body pools in cold-hardy versus -susceptible fly lines CO 2 production did not differ between the glucose and leucine tracers, so data from experiments 2 and 3 were pooled to We next examined glucose enrichments in the breath. Breath enrichments are calculated relative to a standard, and represent tracer oxidation relative to other (non-labelled) substrates. It is important to control for enrichments in the precursor pools, which we do using the PC1 of variation in body enrichments. Body enrichments in flies fed a glucose tracer were highly predictive of breath enrichments (F 1,71 ¼ 93.5, p , 0.00001)-flies with higher tracer enrichments in their body oxidized more tracer relative to unlabelled substrates. Hardy flies had higher breath enrichments overall than did susceptible flies (F 1,36 ¼ 19.4, p , 0.001; electronic supplementary material, figure S7A) , even controlling for their higher body enrichments (figure 4a
plasticity in their enrichments over the course of cold exposure and recovery. Breath enrichments resulting from glucose tracer ingestion dropped during cold exposure when body enrichment was included in the model (F 2,70 ¼ 8.4, p , 0.001; figure 4a), largely due to increased enrichment of 13 C-labelled substrates in body pools during cold exposure probably resulting from low oxidation rates in the cold. Inspection of raw enrichments showed no drop over time (electronic supplementary material, figure S7A) , and if the enrichment covariate was not included cold exposure did not alter enrichments ( p ¼ 0.963). This suggests that reliance on glucose relative to other substrates remains unchanged by cold exposure.
Tracer oxidation rates are the product of relative CO 2 enrichments (subject of previous paragraph) and the volume of CO 2 figure 2 ). Hardy flies oxidized more glucose tracer before cold exposure, less during cold exposure and more during recovery from cold exposure, particularly when the influence of body enrichments was removed (cold hardiness Â cold exposure: F 2,70 ¼ 6.2, p ¼ 0.003; figure 4b ). Thus, hardy flies had higher rates of glucose tracer oxidation in warm conditions, and a greater ability to suppress oxidation rates in the cold.
Body enrichments from leucine tracer were affected by the interaction of cold hardiness and cold exposure, and differed between pools (F 4,112 ¼ 3.0, p ¼ 0.020; figure 3d-f ). Carbon from leucine tracer in proteins and carbohydrates dropped during cold and rebounded during recovery, while tracer in lipids rose during cold exposure then dropped during recovery (fraction Â cold exposure: F 4,112 ¼ 9.0, p , 0.0001). Leucine tracer enrichments in lipids were higher in hardy flies and remained higher throughout the cold exposure, but hardy and susceptible flies did not differ in enrichments in carbohydrates or proteins. Levels of enrichment in carbohydrates and proteins did not differ from each other ( p ¼ 0.332), but were higher than lipid enrichments ( p , 0.0001). We analysed the fractions separately to tease apart interactions. Hardy flies had greater plasticity in leucine allocation to proteins: they had more leucine tracer in their protein pool before cold exposure than susceptible flies, but during cold exposure and recovery, hardy and susceptible flies had similar levels of tracer in the protein pool (cold hardiness Â cold exposure; p ¼ 0.001; figure 3f ). Hardy flies showed the same pattern of greater plasticity in incorporation of leucine tracer in carbohydrates, but this was statistically non-significant when carbohydrates were analysed separately ( p ¼ 0.092; figure 3e). Hardy flies did not exhibit greater plasticity in lipid enrichments (cold hardiness Â cold exposure: p ¼ 0.803; figure 3d), but enrichments did rise during cold exposure (F 2,72 ¼ 25.2, p , 0.0001), and hardy flies had higher lipid enrichments overall than susceptible flies (F 1,72 ¼ 74.2, p , 0.0001). A MANOVA of all three fractions confirmed enrichments from leucine tracer of hardy flies responded differently to cold exposure than did enrichments of susceptible flies (cold hardiness Â cold exposure: F 6,102 ¼ 2.2, p ¼ 0.049). Similar to the glucose tracer experiment, hardy flies experienced greater magnitudes of change in combined enrichments in the three body pools during the cold exposure, indicating that hardy flies changed their tracer distributions more during the course of a cold exposure than did susceptible flies (F 1,10 ¼ 3.85, p ¼ 0.048; table 1). Absolute magnitudes of change in leucine enrichments were 100-fold lower than the corresponding magnitudes for glucose tracer (table 1), probably because of the generally lower amount of 13 C in the flies' bodies (1-13 C-leucine tracer was labelled on only one carbon, compared to six labelled carbons for U-13 C 6 -glucose tracer). Thus, similar to the glucose tracer experiment, hardy flies moved tracer between body pools to a greater extent during cold exposure, but in contrast they did not have higher enrichments from leucine overall.
In contrast to the glucose tracer experiment, breath enrichments resulting from leucine tracer oxidation dropped sharply during cold exposure (F 2,69 ¼ 88.6, p , 0.0001; figure 4c ). This persisted without including the body enrichment covariate ( p , 0.0001; electronic supplementary material, figure S7C ), and suggests that leucine oxidation is particularly cold sensitive relative to glucose oxidation. Similar to the glucose tracer experiment, body enrichments were positively correlated with breath enrichments from leucine tracer (F 1,71 ¼ 30.9, p , 0.0001). Hardy flies had greater plasticity in breath enrichments from leucine tracer than susceptible flies: higher enrichments before cold, dropping to similar breath enrichments during cold, and then higher again during recovery (cold hardiness Â cold exposure: 
Discussion
Cold-adapted flies-those selected for faster recovery from chill coma-had greater metabolic turnover than coldsusceptible flies. We confirmed our previous findings that cold-hardy flies had higher metabolic rates before cold and greater plasticity in lowering those rates during cold exposure [20] , and clearly demonstrated that this pattern resulted from divergence in rates of flux through pathways of protein and carbohydrate oxidation. Cold-hardy flies had higher rates of glucose and leucine oxidation before cold and during recovery compared with cold-susceptible flies. Respiratory exchange ratios are very close to 1 in both cold-hardy and -susceptible lines at 258C, indicating that flies are primarily oxidizing carbohydrate and that CO 2 production is a reasonable proxy for ATP production [20] . Thus, cold-hardy flies probably produce more ATP, providing energy to protect against or repair from cold damage. In addition to producing more ATP, the ability of cold-hardy flies to transfer carbon among body pools more rapidly than cold-susceptible flies over the course of cold exposure and recovery may provide carbon skeletons to synthesize compounds integral to resisting and tolerating cold. This supports our hypothesis that cold adaptation increases metabolic turnover, facilitated by faster rates of substrate oxidation and more rapid transfer of carbon skeletons among pools during the course of a cold exposure.
(a) Baseline levels of metabolic flux before cold exposure
Chill coma recovery times may be reduced in hardy flies as a result of alterations to their physiological starting state, either through altered levels of body constituents that promote cold hardiness such as cryoprotective lipids, carbohydrates or proteins [24] , or by an enhanced ability to rapidly synthesize or interconvert such compounds upon sensing cold [25] . Before a cold exposure, cold-adapted flies had higher rates of CO 2 production, glucose and leucine oxidation, and glucose and amino acid biosynthesis, suggesting cold adaptation increases rates of glycolysis and TCA cycle flux. These increased fluxes were associated with increased rates of carbon transfer among lipid, carbohydrate and protein pools in cold-hardy flies during the onset of cold exposure. Faster nutrient transfer among metabolic pathways results in part from higher rates of anaplerotic and cataplerotic reactions-the influx and removal of four-and five-carbon skeletons from the TCA cycle [26] . The TCA cycle thus forms a vital hub connecting catabolism and anabolism of carbohydrates, proteins and lipids (electronic supplementary material, figure S2 ), and many studies have shown patterns of allelic polymorphism consistent with seasonal selection on cold and overwintering [7] . High flux through the TCA cycle provides potential for both greater production of ATP and rapid synthesis of compounds integral to resisting or tolerating cold. Lipid membranes are susceptible to cold perturbation, and modulation of membrane lipids is associated with thermal adaptation in ectotherms [19, 27] . Higher basal nutrient flux through the TCA cycle, gluconeogenesis and pentose phosphate pathway (glyceraldehyde-3-phosphate branch figure S2 ) in coldhardy flies may permit rapid lipid membrane modulation. This is consistent with a previous metabolomic study of the same lines of flies showing elevated levels of a membrane lipid intermediate ( phosphocholine) in cold-hardy flies, suggesting higher rates of membrane modification [14] .
Cryoprotectants like sugars, sugar alcohols or free amino acids are associated with cold hardiness in ectotherms [19] . High basal nutrient flux may facilitate rapid cryoprotectant production. We observed high enrichments in glutamate compared with other amino acids implying high cataplerotic flux through glutamate dehydrogenase, an intermediate for proline synthesis. Proline is an important cryoprotectant in D. melanogaster [28] , and we found that flux into proline was higher in hardy flies ( figure 1 ). This is in contrast to the results of our previous metabolomic study, which found slightly but detectably lower proline levels in hardy compared with susceptible flies, and a drop in proline during the course of cold exposure which was more rapidly restored in hardy flies than susceptible flies during recovery [14] . This observation also provides a caveat for interpreting metabolomics results-higher instantaneous concentrations of a metabolite do not necessarily imply higher rates of flux. Further experiments are required to determine why hardy flies have higher rates of proline production but lower steady-state levels.
Chill coma recovery time comprises both physiological (ability to stand) and behavioural components (motivation to stand/vigilance/activity levels), and it is likely that both of these components are targets of selection in natural populations. We have previously shown that the cold-hardy lines used in this study have increased activity levels, but that activity represents a small fraction of the metabolic costs of these lines (2.2%) and are not sufficient to explain the increase in metabolic rate [20] . Additionally, in a set of naturally occurring fly lines, fast recovery from cold is also associated with increased metabolic rates compared with slow recovering lines, while activity does not differ [20] . Together, this suggests that selection on activity is not sufficient to explain the differences in metabolic turnover between hardy and susceptible flies.
(b) Metabolic flux during cold exposure
Cold-adapted flies had greater plasticity in nutrient flux. Despite having higher rates of nutrient flow before cold exposure, nutrient turnover in cold-hardy flies during the cold exposure was the same or lower than in cold-susceptible flies. An increase in tracer enrichments in body pools reflected decreased tracer oxidation in the cold. Metabolic downregulation during stress occurs in a wide range of organisms [8] , and metabolic downregulation is likely an adaptive response to cold exposure in chill-susceptible insects. Maintaining balance between energy supply and demand is challenging when temperatures change due to differing thermal sensitivities of energy supply and demand pathways. ATP accumulates in cold insects [29, 30] , suggesting pathways of energy demand are particularly sensitive to cold-induced disruption.
In contrast to glucose, there was no detectable leucine oxidation in the cold. Leucine is broken down to acetyl-CoA and processed through the TCA cycle. A drop in leucine catabolism in the cold may reflect TCA cycle stalling and failure of anaplerotic reactions. Previous insect studies suggested TCA cycle stalling in the cold, along with increased reliance on glycolysis and gluconeogenesis [25, 31] . Our data agree, with strong evidence for maintenance of glycolysis during cold exposure, and indirect evidence for decreased TCA cycle flux (decreased leucine oxidation). Work with a tracer that directly interrogates TCA cycle flux (e.g. glutamate) is needed to confirm TCA cycle stalling in the cold.
(c) Metabolic flux after cold exposure
During recovery from cold, glucose and leucine oxidation rebounds to near pre-exposure levels, with hardy flies regaining higher rates of CO 2 production and substrate oxidation than susceptible flies. Increased substrate oxidation during recovery enabled cold-hardy flies to transfer carbon among body pools to a greater degree than susceptible flies, with one of the two replicate hardy lines using carbon from U-13 C 6 -glucose to synthesize lipids during recovery. Hardy flies also transferred carbon from the 1-13 C-leucine tracer into the lipid pool to a greater degree than susceptible flies across all time points relative to cold exposure. This is consistent with increased substrate oxidation facilitating synthesis of compounds to counteract damage from cold exposure. Lipid membranes are particularly cold sensitive [32] and are a common target of cold lesions [19] , so increased lipid synthesis in hardy flies may reflect adaptation to counteract damage to membrane or storage lipids incurred during cold exposure, allowing faster recovery. Previous work showed that these same cold-hardy flies recovered metabolic homoeostasis more rapidly after cold exposure than cold-susceptible flies [14] , and higher nutrient flux during recovery may underlie this observation. Increased nutrient flux during recovery may also be associated with low-temperature acclimation [25, 31] .
(d) Ecological and evolutionary consequences of cold adaptation
Laboratory selection illustrates what can happen given the segregating variation present in a population, but cannot be taken to imply that this will happen [33] . Here, cold-hardy flies evolved higher metabolic rates that provided a selective advantage in an environment of unlimited nutrients and a regular cold stress exposure in adult flies (to measure chill coma recovery times). However, in natural seasonal environments, nutrient availability declines as cold stress increases with the onset of winter, so natural populations may face resource allocation or acquisition trade-offs that constrain the evolution of energetically expensive cold tolerance strategies [34] . Nonetheless, in nature ectotherms from higher altitudes and latitudes often have higher metabolic rates than similar individuals from lower altitudes and latitudes [35, 36] . This pattern is typically attributed to the need for fast growth and development in environments with a short growing season. We suggest acute low-temperature exposure is an alternative selective agent that could also drive the evolution of this phenotype. We also found increased metabolic rates were associated with faster chill coma recovery in naturally occurring fly genotypes [20] , further supporting the generality of this phenomenon.
Conclusion
Maintaining ectotherm performance in fluctuating environments requires metabolic flexibility. Artificial selection to recover quickly from acute cold exposure increased basal rspb.royalsocietypublishing.org Proc. R. Soc. B 283: 20161317
rates of metabolic flux in cold-hardy flies, enabling coldadapted flies to move carbon skeletons among body pools more rapidly and thus increasing metabolic turnover. This increase in metabolic flux requires increased nutrient consumption, suggesting that cold adaptation may incur resource allocation trade-offs that could shape evolution of ectotherm life histories in cold environments.
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